This study considers the prediction of the pressure gradient with water-steam two-phase flows through helically coiled steam generator tubes, focusing in particular on the operating conditions of low-medium pressure, low mass flux and low heat flux typical of once-through steam generators with in-tube boiling adopted in small modular nuclear reactor systems. Twenty-five widely used empirical correlations have been tested against an experimental pressure drop databank drawn together in this study containing 980 data points. Since no existing correlation is capable of collapsing and satisfactorily fitting the collected databank, a new pressure drop prediction method for helically coiled tubes is proposed. This new prediction method is very simple to implement, as it is based on the homogeneous flow model, is asymptotically consistent with straight tube twophase flows and is largely superior in accuracy to existing prediction methods (mean absolute error of 7.3%, and 9 points out of 10 captured to within ±15%). The new prediction method is applicable for operating pressures in the range of 0.75-9.0 MPa, mass fluxes from 400 kg/m 2 s to 1191 kg/m 2 s, heat fluxes up to 750 kW/m 2 , tube diameters within 5-20 mm and coil to tube diameter ratio above 32.4. Curvature effects on the pressure gradient in helical coil two-phase flows can be significant, particularly with high velocity flows in tight curvature coils where the centrifugal force is intense.
Introduction
Helically coiled tubes are frequently used in once-through steam generators with in-tube boiling due to the several advantages they offer in comparison with conventional straight tubes. For example, helically coiled tubes provide a greater heat transfer area per unit volume, which makes them attractive in applications where high compactness is desired, such as marine propulsion and integral layout nuclear reactors. Besides, helically coiled tubes can easily accommodate thermal expansions, which make them particularly robust in transient and offnormal operation. Moreover, the radial accelerations induced by the helical path promote liquid droplets deentrainment from the vapor, thus keeping the tube internal surface wet to higher vapor qualities than in a straight pipe. As a consequence, the onset of dryout is delayed and the heat transfer effectiveness in the post dryout region is enhanced with respect to a straight pipe.
Building on the previous positive experience gained with advanced gas reactors and liquid metal fast reactors, helically coiled once-through steam generators with in-tube boiling are currently receiving a renewed interest, promoted by their frequent adoption in advanced small modular nuclear reactor systems (nuclear reactors with equivalent electric power output below 300 MW, according to the International Atomic Energy Agency [1] ).
Presently, there are about 50 different small modular nuclear reactor designs in various stages of development worldwide [2] , including advanced water cooled reactors, liquid metal cooled reactors, high temperature gas cooled reactors, and molten salt reactors. The main advantages of small modular nuclear reactor systems with respect to conventional nuclear power stations include lower initial capital investment, enhanced passive safety, simplified design, proliferation resistance, greater flexibility of operation and capability to meet the smaller demand of power typical of emerging economies and developing countries [3, 4] . Among the small modular nuclear reactor systems currently under development worldwide, the integral layout pressurized water reactors are the most mature designs and stand out for near-and mid-term commercial deployment. In integral layout pressurized water reactors, all the components usually associated with the primary circuit of a conventional pressurized water reactor are housed within a single reactor vessel, thus significantly reducing the likelihood of loss of coolant accidents and enhancing the primary circuit cooling capability in natural circulation. These designs combine well known technologies and several years of commercial operating experience accumulated with traditional pressurized water reactors, with novel components and innovative design features that significantly enhance the safety of the system [5] . Due to their compactness, heat transfer efficiency and low susceptibility to thermal expansions, helically coiled once-through steam generators with in-tube boiling are the preferred option for integral layout pressurized water nuclear reactors.
The accurate prediction of the pressure drop is crucial for a sound design and efficient operation of any twophase flow systems, particularly so with nuclear power plant steam generators that are one of the most expensive components of the power plant, whose longevity and efficient operation are essential to profitable power production. In particular, the accurate prediction of the pressure gradient along the steam generator tubes is required to properly predict the temperature difference between the primary and the secondary fluid streams at the pinch point, which is one of the controlling parameters in the steam generator sizing. Notably, the emphasis on compactness that characterizes integral layout nuclear power plants makes the accurate prediction of the temperature difference at the pinch point crucial for a sound system design. Moreover, it is well known that once-through steam generators with in-tube boiling are vulnerable to undesired flow-pressure oscillations. The most efficient way to control these undesired oscillations is to apply orifices at the inlet of the steam generator tubes. The precise knowledge of the tube side pressure drop is a prerequisite for a sound design of the orifices to achieve stable flow conditions while avoiding overdesign that would result in a corresponding overdesign of the feed-water pump, thus eroding the system profitability.
Due to its practical relevance, two-phase flow pressure drop in helically coiled tubes has been investigated quite extensively [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Notably, several authors found straight tube prediction methods appropriate to predict the pressure drop in helical coils. In particular, the straight tube methods of Lockhart and Martinelli [24] and of Martinelli and Nelson [25] have been frequently reported to satisfactorily extrapolate to helically coiled tubes.
Unfortunately, however, no systematic assessment of straight tube pressure drop correlations for use with helical coils has been conducted at present. Moreover, straight tube correlations have been invariably modified for use with helical coils by replacing the single-phase straight tube friction factor expressions of the original formulations with single-phase friction factor correlations specific for helical coils. This is normally a minor modification, as in turbulent flow conditions the difference in the friction factor between a straight tube and a helical coil is normally on the order of 10-20%. Nonetheless, this modification somewhat obscures the actual accuracy of existing straight tube pressure drop prediction methods when extrapolated to helical coils. What is worse, when modifying straight tube correlations for use with helical coils, different authors picked different single-phase friction factor correlations for helical coils, so that even comparing the results of different researches is rather difficult. Notably, some authors proposed pressure drop prediction methods specifically designed for helically coiled tubes [11, 12, 19, 20, 23, 26] . None of these methods, however, is based on a large and diversified experimental databank, so that their applicability and accuracy in general design applications outside the operating conditions covered in the respective underlying databanks is unclear at the moment.
The cornerstone of the present study is the prediction of the two-phase pressure drop of water-steam flows in helically coiled tubes, focusing in particular on the operating conditions of low-medium pressure (1-8 
Experimental pressure drop databank
The main details of the experimental pressure drop databank collected from the open literature for use here are summarized in Table 1 , while a selection of histograms that further describes the collected data is shown in Fig.   1 . Even though the pressure drop in water-steam flows through helical coils has been studied quite extensively [6, 8, [11] [12] [13] 19, 20, 22, 23] , only Zhao et al. [20] and Santini et al. [23] provide accurate pressure drop data in usable form. In particular, Zhao et al. [20] tested an electrically heated helical coil with a tube diameter of 9.0 mm and a coil diameter of 292 mm, corresponding to a coil to tube diameter ratio of D/d=32.4. Their test section was 1.38 m long, was equipped with two pressure taps at the inlet and outlet to measure the pressure drop and was fed with two-phase flow generated in a preheater located upstream of the test section. On the other hand, [6, 8, [11] [12] [13] 19, 22] , the data are either provided in non-usable form, i.e. missing information in reporting the data, or only provide global pressure drop measurements generated with mock-up test sections that include a subcooled liquid region at the inlet and a superheated steam region at the outlet. The total pressure drop across these integral test facilities depends on the location along the channel of the onset of nucleate boiling and of the dryout, but these are not experimentally resolved. Therefore, these data are of little use in deriving or checking a pressure drop prediction method due to the errors in empirically locating the onset of nucleate boiling and the dryout, and errors in estimating the singlephase components of the total pressure drop, while remain valid to check system computer codes. It is evident that the available pressure drop data in usable form on water-steam flows through helically coiled tubes are rather limited, so that more experimental studies are clearly welcome. Since the present study is specifically targeting water-steam two-phase flows, available data generated with fluids other than water-steam [7, 9, 10, [14] [15] [16] [17] [18] 21] are not taken into account.
As can be noticed in Table 1 , the collected experimental databank includes straight tube data as well, in addition to helical coils data. In particular, these straight tube data were generated with adiabatic water-steam flows in vertical tubes [32] [33] [34] , covering the operating conditions of low-medium pressure and low mass flux of interest here. It is evident that a straight tube is the asymptotic configuration that a helical coil attains in the limit of the coil diameter diverging to infinity, i.e. for D → +∞, corresponding to a coil to tube diameter ratio D/d → +∞. As such, comparing helically coiled tube data with straight tube data generated at similar operating conditions allows a better resolution of the curvature effects on the two-phase pressure drop in helical coils. This is particularly important in the present case, as the available data for helical coils are limited and curvature effects have not been sistematically investigated in one experiment at present. The collected databank in Table 1 , therefore, includes measurements taken with a tight curvature helical coil (Zhao et al. [20] , D/d=32.4), measurements taken with a medium curvature helical coil (Santini et al. [23] , D/d=80.1), and straight tube data that correspond to D/d → +∞, thus properly covering the coil to tube diameter ratio values of interest in practical applications. Overall, the collected databank contains 980 data points: 659 data points for helical coils and 321 data points for straight tubes. 6 As can be noticed in Table 1 , part of the collected data has been generated in adiabatic flow conditions, while part of the data has been generated during evaporation with electrically heated test sections. In these diabatic tests, in particular, the heat flux was uniform along the test section and all measurements were taken before the dryout. As shown by Zhao et al. [20] , the effect of the heating on the two-phase pressure drop is negligible at the low heat fluxes of interest here, so that heating effects can be discarded in the present study, and data taken in adiabatic and evaporating flow conditions can be directly compared.
Comparison with existing correlations
The pressure drop data from Table 1 [49] . It is worth highlighting that all these straight tube correlations are used here in their original formulations, without any modifications or tailoring to better fit helical coils data. The correlations specifically derived for helical coils include the methods of Ünal et al. [12] , Zhao et al. [20] , Bi et al. [26] , Guo et al. [19] , Ruffel [11] and Santini et al. [23] . Notably, the correlations of Ünal et al. [12] , Guo et al. [19] and Ruffel [11] are not asymptotically consistent with straight pipe flow, and therefore cannot be compared with the straight tube data collected in Table 1 . Accordingly, the statistical comparisons and the figures for these correlations are limited to the helical coil data from Table 1 . A comprehensive account of the straight tube correlations can be found in Thome and
Cioncolini [50] , while the helical coil correlations are described in Zhao et al. [20] and Santini et al. [23] . In particular, the method of Ünal et al. [12] is based on data generated with a tube diameter d=18 mm, a coil to tube the method of Ruffel [11] is based on data generated with tube diameters of d=10.7 mm and d=18.6 mm, a coil to tube diameter ratio in the range D/d: 6.2-185, operating pressures of 6-18 MPa, and mass fluxes of 300-1800 kg/m 2 s. The prediction methods of Zhao et al. [20] and Santini et al. [23] are based on the parameter ranges summarized in Table 1 .
Some of the pressure drop prediction methods considered here (Friedel [46] , Müller-Steinhagen and Heck [47] , Shannak [49] , Ünal et al. [12] , Zhao et al. [20] , Bi et al. [26] and Guo et al. [19] ) do not specify a void fraction correlation to calculate the acceleration and gravitational components of the total pressure gradient, thus leaving to the user the selection of a void faction correlation appropriate for his/her application. Available void fraction measurements in helical coils [7, 9, 10, 14, 16, 18] suggest that curvature effects on the void fraction are small and negligible, so that straight tube void fraction prediction methods can be extrapolated to helically coiled tubes, at least in first approximation. Therefore, the void fraction prediction method of Woldesemayat and Ghajar [51] was used here, as this is one of the most accurate general purpose void fraction correlations currently available for straight tubes [50] . Notably, with the databank in Table 1 the acceleration and gravitational components of the pressure gradient never account for more than 10-20% of the total pressure gradient, so that the void fraction prediction method used in the analysis has little impact on the final results.
From inspection of appear clearly clustered, so that no method successfully collapses the available data. The helical coil correlations, in particular, do not extrapolate outside the limits of their respective underlying databank. This is particularly evident with the methods of Zhao et al. [20] and Santini et al. [23] , which fit very well the experimental data they were derived from, but clearly fail to collapse the rest of the experimental databank in Table 1 . On the other hand, while the homogeneous model systematically underpredicts the entire databank, the other straight tube correlations are generally appropriate only for the straight tube data, while significantly underpredict the helical coils data. In particular, it is evident from Figs. 2-6 that the underprediction is inversely proportional to the coil to tube diameter ratio D/d, so that the tighter the helical coil the larger the underprediction. This clearly suggests that curvature effects are present, so that the tighter the helical coil curvature the higher the pressure gradient and the higher the underprediction of straight tube correlations. Even though the above indirect deduction of curvature effects on the pressure gradient in helical coils is no more than preliminary and evidently requires a direct experimental confirmation, this result is significant because it is in marked contrast with available data on convective boiling in helical coils. In particular, Santini et al. [31] small and negligible on the heat transfer coefficient during convective evaporation prior to the dryout. These markedly different curvature effects on the pressure drop and the heat transfer coefficient in helical coils can be qualitatively explained as follows. As shown in Fig. 1 , the void fraction for the databank in Table 1 enhanced turbulence intensity and thickening could explain the observed small sensitivity on coil curvature of the heat transfer coefficient during convective evaporation. It is worth highlighting that the above interpretation is no more than intuitive, though reasonable. A more solid physical explanation, which is not the subject of the present study, would clearly require a more fundamental analysis. The above discussion might give the wrong impression that helical coils are not convenient in practical two-phase flow applications involving in-tube flow boiling, as the pressure gradients are increased while the heat transfer coefficient is largely unaffected, with respect to straight pipes. On the contrary, as already discussed, one of the great advantages of helical coils is that the dryout is delayed with respect to a straight pipe, and the post dryout heat transfer is enhanced, so that the heat transfer effectiveness with in-tube flow boiling through helical coils is actually improved with respect to straight pipes where an enhancement is needed the most.
New prediction method
As discussed in the previous section, no pressure drop correlation among those considered here can be suggested for general use with helical coils, and there is a clear need to develop more accurate pressure drop prediction methods for helically coiled tubes. In what follows, therefore, a new correlating approach for the pressure gradient in helical coils is proposed. This new prediction method is based on the homogeneous model framework, so that the total pressure gradient is predicted as follows [50] :
The three terms appearing on the right-hand side of Eq. (1) represent the frictional, the acceleration and the gravitational components of the total pressure gradient, respectively, where f h is the homogeneous Fanning friction factor, G is the total mass flux, d is the tube diameter, ϑ is the channel inclination angle with respect to the horizontal (ϑ = 0 for horizontal flow, and positive angles denote upflow), g is the acceleration of gravity and z is the coordinate along the channel axis in the direction of the flow. The homogeneous density ρ h is calculated as follows:
where x is the vapor quality and ρ l and ρ g are the liquid and vapor densities. The homogeneous model is the simplest modelling framework available for channel two-phase flows, and this is the reason why it was selected for use here. It was felt that a simple and robust modelling approach was more suited for the limited data currently available, while more sophisticated approaches would be more appropriate for future developments, once more data will become available. Besides, the homogeneous model happens to be quite successful in the present context, as will be shown in the following, and it is already implemented in most two-phase flow computing codes. In the framework of the homogeneous model, two-phase flows are treated as a whole, neglecting the slip between the phases and representing the physical properties with average values. In principle, therefore, the homogeneous model should be particularly effective with two-phase flows characterized by a fine mixing of the phases, such as bubbly flows and mist flows, and less effective when the phases tend to become segregated and develop a slip, as happens with annular flows. As a matter of fact, however, it is well known that the homogeneous model can satisfactorily handle separated flows, provided that the homogeneous friction factor is properly defined. Treating separated two-phase flows with the homogeneous model is clearly an oversimplification, only justified when the homogeneous model provides accurate predictions of the pressure gradient for design applications. The homogeneous friction factor calculated for the databank in Table 1 is displayed in Fig. 8 versus the homogeneous Reynolds number Re h defined as:
where the homogeneous viscosity µ h is calculated according to McAdams et al. [35] :
Among the several expressions proposed to date for the homogeneous viscosity [50] , the formulation in Eq. (4) was selected for use here because it is one of the simplest homogeneous viscosity expressions available, and is also formally consistent with the homogeneous density in Eq. (2). More complicated homogeneous viscosity expressions were tried but did not provide any significant gain in accuracy. For comparison, the single-phase friction factor expression of Filonenko [56] is also included in Fig. 8: [ ] As can be seen in Fig. 8 , the homogeneous friction factor for the straight tube data decreases as the homogeneus Reynolds number increases with a trend that compares well with the single-phase expression in Eq. (5), even though the computed two-phase flow figures are about 60% higher than the corresponding single-phase ones. On the other hand, the homogeneous friction factor for the helical coils seems to be less dependent on the homogeneus Reynolds number, while it is clearly proportional to the tube to coil diameter ratio d/D of the helical coil. Within the limits of the available data, therefore, the homogeneous friction factor f h depends on both the homogeneous Reynolds number Re h and on the tube to coil diameter ratio d/D. In particular, as the tube to coil diameter ratio d/D increases so does the friction factor, while the dependence of the friction factor on the Reynolds number weakens. It is worth noting that a qualitatively similar trend is observed with the friction factor for single-phase flow through rough circular tubes. As the wall roughness is gradually increased, in fact, the single-phase friction factor gradually loses its dependence on the Reynolds number, while becoming proportional to the dimensionless wall roughness. In analysing pressure gradient data in annular two-phase flow, the liquid film has frequently been treated as an equivalent wall roughness for the vapor core flow [57] . In this respect, the thickening of the liquid film induced by the centrifugal force is likely to yield an increase of this equivalent wall roughness for the vapor core flow, and this in turn could explain the observed trends of the friction factor in Fig. 8 . The simple expression proposed here for the homogeneous friction factor is: (6) It is evident that the formal structure of Eq. (6) was borrowed from the theory of single-phase flow through circular rough tubes, where the dimensionless wall roughness was replaced with the tube to coil diameter ratio d/D, while the numerical parameters were fitted on the databank in Table 1 . As can be seen in Fig. 8 , Eq. (6) fits the available data quite well. The total pressure gradient predicted with the proposed new model, Eqs. (1) and (6), is compared with the measured data from Table 1 in Fig. 9 , while the statistical comparison between predictions and measurements is provided in Table 2 . As can be seen, the new prediction method collapses the available data pretty well, and with a mean absolute precentage error of 7.3% and 9 points out of 10 captured to within ±15% this new method is significantly more accurate than the other correlations currently available. Table 1 does not imply necessarily that these flows behave homogeneous, with the phases finely mixed and travelling at the same velocity through the channel. Rather, it only means that the homogenous model happens to contain enough physics to fit the data well, and provides accurate predictions of the total pressure drop for design applications.
As can be noticed, the new pressure drop prediction method incorporates the effect of the helical coil curvature (through the tube to coil diameter ratio d/D), but does not include the effects of the coil torsion or coil orientation with respect to gravity. Although these parameters are likely to have an effect on the fluid dynamics through helical coils, they cannot be resolved at present with the available data. As such, the new pressure drop prediction method proposed here should be regarded as a first approximation.
It is worth remembering that the new prediction method, Eqs. (1) and (6) 
Concluding remarks
The performance of 25 empirical correlations for use in predicting two-phase pressure drops in helically coiled tubes was evaluated with respect to experimental data generated with water-steam flows. In particular, the collected data covered operating conditions of interest for the design and operation of coiled tube once-through steam generators with in-tube boiling for nuclear power applications, notably small modular advanced systems. Table 1 (980 data points). Table 1 vs. homogeneous Reynolds number. (1) and (6), vs. measurements from Table  1 . [26] 939 -939 0.0 0.0 0.0 Guo et al. [19] 345 -345 0.0 0.0 0.0 Ruffel [11] 177 -177 0.0 0.0 0.0 Santini et al. [23] 20.7 -2.5 56.9 64.9 89.1 Present study, Eqs. (1) and (6) 
